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(54) Title: HEPATITIS A VIRUS CULTURE PROCESS 
(57) Abstract 

A inicrocarrier based process to produce viral vaccines, of which one example is Hepatitis A virus (HAV), is composed of an 
aggregated microcarrier system of glass coated polystyrene microcarriers and MRC-5 cells, which creates a stable environment for the 
propagation of the vuus over even extended infection periods. The microcarrier aggregates foimed according to this process eliminate 
the sloughmg of cells from the beads during long cultivations seen in other systems, allowing high virus productivity in microcarrier 
culture. The methodology is applicable where virus production can be enhanced by creating a stable culture during an extended infection 
penod. Scalable stiired bioreactors are used instead of muhiple parallel staUonaiy surface bioreactors. This aggregated microcarrier process 
eliminates the capacity limitations of staUonary surface bioreactors, it protects the cells upon which vmis is cultured from shear it provides 
enhanced cell to cell mteractions, it provides a stable environment for vmis growth, it provides void space for the convective transport of 
nutnents through the aggregate, and it provides a straight forward method for harvesting the viral lysate for downstream pnxessing. 
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TITLE OF THE D^NTION 

HEPATITIS A VIRUS CULTURE PROCESS 

BACKGROUND OF THE INVENTION 

i- Field of the Invention 

The field of this invention is a process for the production of 
viruses in raicrocarrier cell culture. Perfused MRC-5 cells cultured on 
glass-coated microcarriers and infected with Hepatitis A vims 
exemplifies the process. 

ii. Background 

Many viruses and therapeutic proteins are produced by 
anchorage dependent cells where cell attachment to a surface is a 
prerequisite for cell growth and proper function of the cell line. When 
relatively small quantities are required, multiple T-flasks and Roller 
bottles have been traditionally used to supply the required surface area. 
Other commercially available systems such as NUNC CELL 
FACTORIES and COSTAR CUBES have substantially increased surface 
area and thus increased productivity per bioreactor unit. However, these 
systems still require multiple bioreactor units for large quantities and are 
therefore limited in scale-up potential for commercial production. 

Various packed bed systems have also been developed, 
including hollow fiber reactors, packed beds of spheres, packed beds of 
randomly oriented fibers, and porous ceramic monoliths. These systems 
have documented difficulties with maintaining nutrient supply to the cells 
in the reactor due to the reactor configuration and restrictions of nutrient 
transport paths due to cell growth. Hollow fiber reactors rely on 
diffusion and Starling flow to supply medium flow across the cell 
compartment [see J. M. Piret (1989), B.c.D Thesis, Dept. ofChem. Eng., 
Mass. Inst. Technology, August 1989]. Diffusive nutrient penetration is 
only adequate if the depth of the cell accumulation on the fibers is 
controllable and uniform, which it is not in these reactors. Starling flow 
decreases as cell growth occurs, due to increased flow resistance offered 
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by the cell growth. This reduces mixing within the cell growth chamber. 
Randomly packed beds of beads or fibers rely on forced convection, and 
are both prone to channeling through paths of least hydraulic resistance, 
bypassing the areas where surface area is most dense, and hence likely to 
contain cells. Porous ceramic monoliths are better in this respect, but 
these suffer from the second factor, biofouling. As the cells grow on the 
attachment surface, they can constrict and occlude the paths where 
medium flow occurs [J. E. Putaam et al, Ann. Mtg. Soc. Ind. Microbiol, 
Orlando, Florida, Aug. 1, 1990]. In the case of the ceramic monolith, cell 
growth results in restriction of the channel, such that increased hydraulic 
resistance to flow is offered. The medium then preferentially flows to 
other parallel channels, and the result is that the channel with the heaviest 
cell growth receives the least medium. Due to these heterogeneities in 
the cellular microenvironment and limited scale-up potential, these 
reactors have had limited success; no U.S. licensed human vaccines or 
therapeutics are known to be produced in these systems. 

The use of solid static mixer elements in cell and vims 
culture is known, see Grabner and Paul, U.S. Patent 4,296,204. The use 
of a mesh for culturing primary tissues comprised of several cell types is 
found in U.S. Patent 4,963,489 and 5,160,490. The tissue resulting from 
a mesh culture of stromal fibroblasts is claimed in 4,963,489. Using 
motionless mixing elements as the surface for cell growth provides 
unifom nutrient transport to the cell population. The scale-up, cleaning, 
and sterilization issues remain a challenge for commercial application of 
these bioreactor systems. In addition, the biomass in these systems 
cannot be directly monitored during the cultivation. Therefore, indirect 
measures of cell mass must be used to characterize the performance of 
the bioreactor. Due to the same reasons, removal of a cell associated 
product can also be problematic with these reactor configurations. 

Microcarrier technology provides a large amount of surface 
area for cell growth on small, spherical beads (90 to 250 microns in 
diameter) which are suspended in a stirred tank bioreactor. High surface 
to volume ratios can be achieved resulting in a highly efficient production 
system on a bioreactor volume basis. The technology provides a 
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homogeneous cell culture environment with the capability to quantify cell 
mass and harvest cell associated product during the cultivation. Since the 
bioreactor is a stirred tank, well established cleaning and sterilization 
procedures, as well as overall tank design is readily available from the 
fermentation industry for commercial applications. The commercial 
manufacture of Polio Vaccine using microcarriers at the 1000-1500 liter 
scale illustrates the scale-up potential of this approach. The commercial 
production of a Rabies vaccine and a Foot and Mouth Disease Vaccine 
using microcarrier culture further illustrates the proven scale-up potential 
of this method. 

Although many cell lines and vimses have been propagated 
on microcarriers, many challenges remain in implementation of this 
technology at commercial scale. Attaining a low shear environment 
throughout the cultivation and maintaining a viable culture for sustained 
product formation through extended cultivation periods can be difficult. 
Selection of the proper microcarrier and culture conditions is often 
critical in producing the desired product. The propagation of Hepatitis A 
is a good example of these challenges. Junker, B. et a/., ("Evaluation of a 
Microcarrier Process for Large Scale Cultivation of Attenuated Hepatitis 
A," Cytotechnology, Vol. 9, 1-3, 1992) described the evaluation of 
CYTODEX 3 microcarriers as the substratum for MRC-5 cells grovith 
and subsequent infection by Hepatitis A vims. A major contributor to the 
low Hepatitis A titers from the microcarrier cultures was attributed to the 
fact that the cells gradually fell off the beads during the infection period. 
Based on these resuhs, microcarrier technology was reported to be 
suboptimal for commercial scale production of Hepatitis A vims. 
Because culture of Hepatitis A vims is exemplified in the instant patent 
disclosure, a brief review of the methods used to culture this vims is in 
order. 

In 1973, Feinstone et aL, [Science 182, p 1026] identified 
the etiologic agent of infectious Hepatitis, later known as Hepatitis A 
vims, (HAV), using immune electron microscopy. In vitro culture of 
Hepatitis A vims (HAV) was first reported by Provost et al, [P.S.E.B.M. 
160,p213, 1979] according to a process whereby liver from HAV 
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infected mannosets was used as an inoculum for liver explant culture and 
fetal rhesus kidney (FRhK6) cell culture [U.S. Patent 4,164,566]. In a 
later invention, direct inoculation of a HAV, which had not been 

^ previously passaged through a subhuman primate, was successfiilly used 
to initiate in vitro propagation of HAV [Provost et al, P.S.EBM. 167, p 
201 (1981); U.S. Patent 5,021,348]. 

From this work, attenuation of HAV through in vitro culture 
was demonstrated. In addition, it was demonstrated that upon repeated 

^ P passage in vitro, HAV cultures became more productive and replication 
rate accelerated as the virus became adapted to the cultured cells. A 
further development was the demonstration of protective efficacy of both 
the Hve attenuated vims [Provost; et al, J. Med Viol. 20, p 165 (1986)] 
and the formalin inactivated HAV [U.S. Patent 4,164,566; U.S. Patent 

^ ^ 5,02 1 ,348; Provost et al., in Viral Hepatitis and Liver Disease, p 83-86, 
1988 - Alan R. Liss, Inc.]. From the foregoing work, it has become clear 
that either an inactivated or attenuated, immunogenic HAV are possible 
vaccine candidates. However, a reproducible, commercial scale process 
for production of high purity antigen is needed if a safe HAY vaccine is 
to be commercially available for use in humans. 

Various methods have been described to culture HAV for 
vaccine production. Thus, Provost et al, (U.S. 5,021,348) described a 
process whereby, in a preferred method, a cell culture of MRC-5 cells 
was infected with HAV. According to that disclosure, the vims and cells 
are grown according to conventional methods in monolayer. In U.S. 
Patent 4,783,407, HAV was grown in Vero cells (a type of primate 
kidney cell). In U.S. Patent 4,301,209, high titer HAV production in a 
hollow fiber capillary unit was described. In U.S. Patent 4,412,002 a 
process whereby HAV was isolated from persistently infected cells was 
^ ^ described. In EP 0 302 692, HAV culture in roller bottles was described. 
In all of these systems, the large scale production of HAV required for a 
commercial process was not feasible or was severely limited by the 
amount of surface area available for cell sheets to be estabhshed for HAV 
infection. 
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In 1984, Widel, et al., published on the propagation of wild 
type Hepatitis A in a fetal rhesus monkey kidney (FRh-K) cell line grown 
on CYTODEX 3 microcarriers at 37°C (Widell, A. et al, "A Microcarrier 
Cell Culture System for Large Scale Production of Hepatitis A Virus," /. 
ofVirological, Methods, Vol 8, 63-71, 1984). There was no mention of 
cell attrition or microcarrier aggregation using CYTODEX 3 
microcarriers as the growth surface for FRh-K cells. Since the same 
microcarrier system was determined by Junker et al., to be unsuitable for 
the production of attenuated virus in MRC-5, these culture systems are 
clearly very different. Therefore, the MRC-5 human diploid cell line, 
which is preferable over the FRh-K cell line derived from monkeys for 
the production of a human vaccine, can not be successfully cultivated to 
produce Hepatitis A vaccine using the process described by Widel due to 
the tendency of MRC-5 cells to form microcarrier aggregates. Since the 
methodology described by Widel is limited to FRh-K cells where 
aggregation and cell attrition were not addressed, no knowledge of how 
to overcome these problems encountered when using MRC-5 cells could 
be gained from this work. 

Aggregation of cells in microcarrier cell culture is quite 
common and has been mentioned in the pubhshed hterature since the mid 
1970's. However, few papers have specifically addressed this topic. A 
few relevant publications are dicussed below. 

Varani, et al., (1983) compared the growth of MRC-5 
diploid cells and two transformed cell lines on glass coated microcarriers 
and charged DEAE-dextran microcarriers (Varani, J., et al., "Growth of 
Three Established Cell Lines on Glass Microcarriers," Biotech, and 
Bioeng., Vol. 25, 1359-1372, 1983). Microcarrier aggregation occurred 
with all three cell lines on the glass coated microcarriers while only one 
continuous cell line aggregated with the dextran microcarrier. Scanning 
electron microscopic (SEM) analysis illustrated a dramatic difference in 
the way the cells attach to the two surfaces. In the glass microcarrier 
cultures, the cells attach by long filopodia while for the DEAE dextran 
microcarriers the attachment occurs across the entire cell edge. This 
difference in attachment mechanism may be an important factor in the 
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stability we report of the MRC-5/S0L0HILL glass coated system over 
MRC-5/dextran systems. 

Goetghbeur and Hu (1991) demonstrated that cell aggregates 

^ could be induced to form with a number of cell lines in the presence of 
small charged microspheres with a diameter of about 20 microns 
(microcarriers are typically 90-250 microns; Goetghebeur, S. and W. S. 
Hu, "Cultivation of Anchorage-Dependent Animal Cells in Microsphere- 
hiduced Aggregate Culture," Appl. Microbial. Biotech., Vol 34, 735-741, 

10 ^^^^^* 'T'wo transformed cell lines grown in this way were found not to 
spread, but rather exist as rounded up multilayered populations. A 
diploid cell line was also grown on these spheres as aggregates, but the 
cell shape was irregular, see U.S. Patent 5,1 14,855. Since the spheres 
used in Hu's work are much smaller than conventional microcarriers, the 

^ ^ ^ aggregate formation described in the instant patent disclosure does not 
fall in the domain covered by Hu's patent. It is unlikely that a reduction 
in size to the range in Hu's patent would be apphcable for the 
manufacture of Hepatitis A. 

Borys and Papoutsakis (1992) investigated ways to inhibit 
cell aggregate formation with Chinese hamster Ovary Kl cells grown on 
CYTODEX 3 microcarriers (Borys, M. C, and E. T. Papoutsakis, 
"Fonnation of Bridges and Large Cellular Clumps in CHO-cell 
Microcarrier Cultures: Effects of Agitation, Dimethyl Sulfoxide, and 
Calf Serum," Cytotechnology, Vol 8, 237-248, 1992). The emphasis of 
this work was on overgrowth of transformed cell lines during 
microcarrier culture and did not address the growth of diploid cell lines as 
aggregates on microcarriers. Increased agitation was found to reduce 
aggregation and increase cell death due to the breaking of cellular bridges 
between microcarriers. Our studies, disclosed herein, with MRC-5 and 
glass coated microcarriers are in agreement with these results. We have 
found that agitation did reduce the rate of aggregation of MRC-5 cells in 
the glass coated microcarrier system with an increase in cell death. We 
also found aggregation to be an irreversible phenomenon under culture 
conditions. 
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A significant amount of work has been done to induce 
continuous cell lines to grow as cell aggregates in suspension culture. 
Tolbert, et al., (1980) published an early account of this approach and 
cited a patent on the "adaptation of cell lines to suspension culture" 
(Tolbert, W. R., et a/., "Cell Aggregate Suspension Culture for Large- 
Scale Production of Biomolecules," In Vitro, Vol 16(6), 486-490, 1980). 
Since MRC-5 cells are human diploid, they require cell spreading for 
biological activity and are therefore not amenable to this 
approach. 

Thus, while reports exist disclosing that MRC-5 cells can be 
grown on glass microcarriers as cell-microcarrier aggregates and that 
Hepatitis A can be produced from a CYTODEX 3 microcarrier culture, as 
noted above, the instabihty of the MRC-5 cell/CYTODEX 3 microcarrier 
system has led those skilled in the art to beUeve that microcarrier culmre 
is not adaptable to efficient HAV production. Disclosed herein is a 
uniquely stable microcarrier aggregate system which overcomes previous 
problems in producing Hepatitis A from MRC-5 cells on microcarriers. 
This disclosure also identifies methodology developed to integrate the 
microcarrier process into an existing downstream HAV purification 
process. 

SUMMARY OF THE TNVENTTON 

This invention provides a process to create a culture of 
microcarrier aggregates which retain cell populations thoughout an 
extended infection phase for the manufacture of a viral vaccines. 
Hepatitis A production in MRC-5 cells has been shown to be problematic 
due to the sloughing of cells from the microcarrier during the infection 
period. The use of the glass coated microcarrier system and methodology 
described herein overcomes this problem through the creation of a stable 
microcarrier aggregate capable of retaining the cells in viable state for 
maximum virus production in microcarrier culture. The method is 
apphcable to production of other vimses where vims productivity can be 
enhanced by creating a stable culture during an extended infection period. 
Our experiences with CYTODEX 3, a collagen coated microcarrier. 
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agree with earlier reports showing that in that system, the formation of 
aggregates was erratic and the cell population was unstable upon entering 
the stationary phase. Li sharp contrast to the foregoing, we have 
discovered a glass-coated microcarrier based process which supports 
extended, stable culture of cells. We have also developed a method to 
break-up the microcarrier aggregates and lyse the cells with a detergent 
buffer system. Nuclei remain intact during this procedure so they can be 
filtered out before entering the purification process. The lysate is then 
^ ^ amenable to downstream processing according to established vims 
purification processes. Vaccine applications for this process include 
production of any vims which can be propagated in an aggregated 
microcarrier culture and recovered from the bioreactor. Anchorage 
dependent cells which can form aggregated cultures include MRC-5, 
WD8, Vero, and Chick Embryo Fibroblasts. Vimses which could be 
propagated in these hosts cells include, but are not limited to Hepatitis A, 
Varicella, Measles, Mumps, Rubella, Poliovims, Herpes vims and 
Rotavims. 

The process provides a method to utilize the proven 
^ ^ commercial scale-up advantages of microcarrier technology for cell 
growth in the production of viral vaccines, such as Hepatitis A, which 
require extended culture times. The successful application of 
microcarrier technology for the production of Hepatitis A or other 
products where cultivations extend into the stationary phase, is shown 
here to be due to the proper selection of a microcairier/cell system which 
produces aggregates which provide the microenvironment for extended 
cell viability and product formation. The formation of aggregates, as 
described herein, protects the cells from the shear generated by 
suspending the microcarriers. The aggregates possess approximately 50- 
^ ^ 60% void space which provides convective transport of nutrients through 
out the aggregate and lowers the density of the aggregate for easier 
suspension of the particles. Aggregate formation also provides close cell 
to cell contact, increasing cell to cell spread of viral infections, and 
provides tissue-like contacts for product formation. 
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BRIEF DESCRIPTIQN OF THE FIGURES 

Figure 1 . Cell density for the growth phase and harvest of Hepatitis A 
virus grovm on MRC-5 cells and SOLOHILL glass 
microcarriers. 

Figure 2. The pH profile for perfused microcarrier spinner cultures 

for the grov^^h phase and harvest of Hepatitis A virus grown 
on MRC-5 cells and SOLOHILL glass microcarriers. 

Figure 3. Cumulative glucose consumption for perfused microcarrier 
spinner cultures as compared with monolayer cell culture for 
the growth phase and harvest of Hepatitis A virus grown on 
MRC-5 cells and SOLOHILL glass microcarriers, and 
COSTAR CUBE surfaces, respectively. 

Figure 4. Cumulative lactate production for perfused microcarrier 

spinner cultures as compared with monolayer cell culture for 
the grow^ phase and harvest of Hepatitis A virus grown on 
MRC-5 cells and SOLOHILL glass microcarriers, and 
COSTAR CUBE surfaces, respectively. 

Figure 5. Cumulative ammonia production for perfused microcarrier 
spinner cultures as compared with monolayer cell culture for 
the growth phase and harvest of Hepatitis A virus grown on 
MRC-5 cells and SOLOHILL glass microcarriers, and 
COSTAR CUBE surfaces, respectively. 

Figure 6. Glucose consumption profile for perfused microcarrier 

spinner cultures as compared with monolayer cell culture for 
the growth phase and harvest of Hepatitis A virus grown on 
MRC-5 cells and SOLOHILL glass microcarriers, and 
COSTAR CUBE surfaces, respectively. 
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Figure 7. Lactate production profile for perfused microcarrier spinner 
cultures as compared with monolayer cell culture for the 
growth phase and harvest of Hepatitis A vims grown on 
MRC-5 cells and SOLOHILL glass microcarriers, and 
COSTAR CUBE surfaces, respectively. 

Figure 8. Ratio of glucose consumption and lactate production for 
perfused microcarrier spiimer cultures as compared with 
monolayer cell culture for the growth phase and harvest of 
Hepatitis A vims grown on MRC-5 cells and SOLOHILL 
glass microcarriers, and COSTAR CUBE surfaces, 
respectively. 

Figure 9. Hepatitis A vims growth curve for perfused microcarrier 
spinner cultures on SOLOHE^L glass microcarriers. 

Figure 10. SDS PAGE of solvent extracted Hepatitis A vims grown in 
perfused microcarrier spinner cultures on SOLOHILL glass 
microcarriers. 

Figure 1 1 . HPSEC profiles for filtered lysates at 260 nm for perfused 
microcarrier spinner cultures as compared with monolayer 
cell culture for Hepatitis A vims grovra on MRC-5 cells and 
SOLOHILL glass microcarriers, and COSTAR CUBE 
surfaces, respectively. 

Figure 12. HPSEC profiles at 260 nm for nuclease treated lysates from 
perfused microcarrier spinner cultures as compared with 
monolayer cell culture for Hepatitis A vims grown on MRC- 
5 cells and SOLOHILL glass microcarriers, and COSTAR 
CUBE surfaces, respectively. 
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Figure 13. HPSEC profiles at 260 rnn for capture products from 

perfused microcarrier spinner cultures as compared with 
monolayer cell culture for Hepatitis A virus grown on MRC- 
5 cells and SOLOHILL glass microcarriers, and COSTAR 
CUBE surfaces, respectively. 

Figure 14. HPSEC profiles at 260 nm for PEG precipitated product 
from perfused microcarrier spinner cultures as compared 
with monolayer cell culture for Hepatitis A virus grown on 
MRC-5 cells and SOLOHILL glass microcairiers, and 
COSTAR CUBE surfaces, respectively. 

Figure 15. HPSEC profiles at 260 nm for anion exchange product from 
perfused microcarrier spinner cultures as compared with 
monolayer cell culture for Hepatitis A virus grown on MRC- 
5 cells and SOLOHILL glass microcarriers, and COSTAR 
CUBE surfaces, respectively. 

Figure 1 6. Microcarrier Aggregates after 5 days in culture produced by 
the methodology of this invention using MRC-5 cells and 
SOLOHILL Glass Coated Microcarriers. The aggregate 
sizes are similar and no single microcarriers without cells are 
present. 

Figure 17. MRC-5/S0L0HILL Glass Microcarrier Aggregates 

stained with Flourecein Diacetate. Green flourescence 
indicates viable cells. 

Figure 1 8. Initial Aggregation of the MRC-5/S0L0HILL Glass 
Microcarrier System on Day 1 of the Cultivation. 
Flourescien diacitate was used; viable cells flouresence 
green. 
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Figure 19. % void space within a MRC-5/glass coated microcarrier 
bead is approximately 50% irrespective of aggregate 
diameter. 

^ Figure 20. Aggregate Formation during Cell Growth. The aggregate 

size increases proportionally to the the increase in number of 
cells per aggregate. 

DETAILED DESCRIPTION OF THE INVENTION 

This invention is a process for the replication and growth of 
viruses in microcarrier cell culture. Vaccine appUcations for this process 
include production of any vims which can be propagated in an 
aggregated microcarrier culture and recovered from the bioreactor. 
Anchorage dependent cells which can form aggregated cultures include, 
but are not limited to, MRC-5, WI38, Vero, and Chick Embryo 
Fibroblasts. Viruses which could be propagated in these hosts cells 
include, but are not limited to Hepatitis A, Varicella, Measles, Mumps, 
Rubella, Poliovirus, Herpes vims and Rotavims. According to this 
process, cells are grown to an optimal density on glass-coated 
microcarriers and are infected with virus. According to one embodiment 
of this method, cultures are perfused with media through the cell-growth 
and virus-infection stages. At the end of the infection, the microcarriers 
are harvested. The product viras is collected from either supematant 
medium or lysed cells. In the case of cell associated viruses which are 
not released into the media or vimses which require additional steps to be 
released in sufficient yield (such as freeze/thaws or fluid shear), the 
harvest method described in this invention for release of vims from 
aggregated microcarrier cultures can be employed. The harvest can 
involve fluid shear or fluid shear coupled with a detergent to 
permeabilize the cells. 

Perfused MRC-5 cells cultured on glass-coated microcarriers 
and infected with Hepatitis A vims exemplifies the process of this 
invention. An important element in the production of vimses in perfused 
microcarrier culture is the stability of the cell population over the course 
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of the infection process. This observation is particularly significant for 
slow-growing viruses such as Hepatitis A virus (HAV). In the production 
of HAV, the preferred cells are MRC-5, although similar cells, such as 
WI38 or VERO, which are acceptable for human vaccine production, 
may be used. In the case of HAV and MRC-5 culture, the cell population 
must remain stable over the course of a 21 day infection process. During 
this time period, the cells are in stationary phase. 

In microcarrier screening studies involving microcarriers 
from various manufacturers including Pharmacia (CYTODEX 1, 2, & 3), 
SOLOHILL Laboratories (Glass and Collagen coated), Mat Tek 
(Plastek), and Mitsubishi Kasei (Diacarrier), we discovered that only 
SOLOHILL Glass Coated Polystyrene beads establish a stable culture 
through the stationary phase. In this system, MRC-5 cells grow in 
microcarrier aggregates which increase in size as the culture progresses. 
In the screening of various microcarrier systems for commercial 
applications it is conraion to screen out microcarrier types which cause 
significant agregation with the cell line used. Increases in agitation, 
reduction in calcium concentration, and reduction in serum concentration 
are common methods employed to minimize or eliminate aggregation. In 
the MRC-5 system, we have discovered that through proper cultivation 
techniques, the glass coated microarrier system forms an aggregate 
stracture with MRC-5 cells which is an ideal environment for the 
propagation of vimses for vaccine production. The aggregate is formed 
through cellular bridges via cell to cell contact. As the number of 
microcarriers grow, the cells grow in the void space providing a tissue 
like growth morphology. The void space is known to be 50 or 60% of the 
aggregate volume as illustrated in Figure 19, while the cell mass occupies 
only 1-2% of this space. Therefore, unlike bioreactor sytems or 
immobilization methods which result in diffiisional limitations through 
the cell mass, the cells are distributed through the aggregate with 
sufficient void space for convective transport of nutrients and product 
through the bead. The aggregate is resistant to pH changes beyond that 
seen in cell cultivations and EDTA at concentrations up to 1 mM 
indicating that receptor bonds which were likely involved in the initial 
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formation of the aggregate are not required to maintain the aggregate 
structure. Since the aggregates can be completely disassociated by 
trypsinization, the aggregate structure is most likely maintained by 
extracellular matrix proteins secreted by the cells. Other MRC-5 
cell/microcarrier systems form aggregates which are not stable like the 
one created with the glass coated microcarrier system we describe herein. 
Therefore, according to our teaching, selection of glass coated 
microcarriers for cultivation of cells results in the creation of a stable 
aggregate structure for the propagation of viruses for vaccine 
manufacture. 

Once we selected the glass-coated microcarrier for cell 
growth based on stability during the infection phase, the proper 
cultivation conditions must be employed for uniform aggregate 
formation. Figures 16-18 illustrate aggregate formation through the 
methodology decribed in this invention. Uniform, predictable aggregate 
formation is important for consideration of such a system for commercial 
production of a viral vaccine. First, the cell attachment must be uniform 
across the microcarrier population since aggreagation occurs by cell to 
cell interactions, not cell to microcarrier interactions. This is known from 
the fact that beads with no cells attached will remain as such throughout a 
cultivation while aggregation occurs v^dth the microcarieis with attached 
cells. Under proper attachment conditions, all the microcarriers have 
cells attached and thus all join to form aggreagates in culture as 
illustrated in Figure 20. This is achieved by inoculating at more than 5 
cells per bead which is estabhshed practice in microcarrier work. 
Typsinization procedures, agitation, pH, temperature and serum 
concentration also play a roles in uniform attachment. The growth of 
aggregate size as a function of cell growth within the aggreagate is 
illustrated in Figure 20. The hydrodynamic environment established by 
the agitation employed is improtant to the growth of the aggregates in 
culture. The RPM should be mainatined at or just above the critical off 
bottom suspension stiring rate which corresponds to the stirrer speed 
when no microcarrier remains stationary on the bottom for more than one 
second. The impellers should be about half the tank diameter or greater 
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to minimize the RPM required while maximizing bulk mixing. Smaller 
impellers create high shear zones near the impeller which can break 
cellular bridges, thus reducing aggregation and cell viability. Unhealthy 
cultures will increase in aggregate size. This is expected to be due to 
DNA released during cell lysis acting as the mediator for increased 
aggregation. Employing a feeding strategy (medium rephshment) which 
maintains cell viability minimizes further aggregation in the stationary 
phase. 

The critical off bottom suspension for the aggregates is 
lower than that of single microcarriers which would not be expected due 
to the larger size of the aggregate. The reason is due to the decreased 
density of the aggregate since the void volume (filled with media) is 50- 
60% of the aggregate volume and probably due to the hydrodynamics of 
suspending the aggregate through dissipation of energy on the 
heterogeneous surface. The aggregates do, however, settle much faster 
than single microcarriers. These properties are advantageous for 
processing at manufacturing scale. Thus, we have discovered that the 
cellular aggregates, rather than being undesirable, as had been previously 
thought, provide a stable environment for the stationary phase cells and 
for viral infection and growth. 

SOLOHILL Glass Microcarriers consist of a polystyrene 
bead of predetermined size and density, coated with a thin layer of glass 
according to a patented production process licensed to SOLOHCLL Labs, 
Inc (U.S. Patents 4,029,045, 4,448,884, and 44,564,532). Since the 
density of glass is 2.4 g/ml, it is necessary to coat a low-density 
raicrocarrier to provide a glass surface of low density (density of 1 .02 to 
1 .04 g/ml). A microcarrier density just above the density of the fluid 
medium is critical to minimize shear damage to the cells while 
suspending the microcarriers in a stirred tank. Thus, any glass-coated 
microcarrier displaying this property is usable in the instant process, and 
the SOLOHILL glass microcarriers are but one, commercially available 
example. SOLOHILL glass microcarriers have been utilized to grow a 
number of anchorage dependent cell lines including Vero (monkey 
kidney), CEF (chick embryo fibroblasts), BHK (hamster kidney), MRC-5 
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(Human embryonic lung diploid fibroblast), HFF (human foreskin 
fibroblasts), and MDBK (Mardin-Darby bovine kidney). By adhering to 
the method disclosed herein, all of these cell-types may now be used in 
extended, aggregated cell-culture to produce viruses which can infect and 
grow these cells. The glass substratum has been reported to result in a 
different attachment morphology than that seen on CYTODEX 
microcarriers from Pharmacia LKB Biotechnology (Varani, J., et al. 
Substrate-dependent differences in growth and biological properties of 
fibroblasts and epithial cells grown in microcarrier culmre, /. Biol. Stand. 
Vol 13, pp 67-76, 1985). These differences combined with proper 
cultivation conditions disclosed herein were used to induce stable 
aggregate formation for the production of a viral vaccine. 

In one embodiment of this invention. Hepatitis A virus 
(HAV) variant passage 28 (P28) of strain CR326F' was used to infect 
MRC-5 cells grown on microcarriers, for merely illustrative purposes, 
and the production material was cultured at passage 29 (P29). 
P28CR326F' is an attenuated HAV strain. Other strains and/or serotypes 
of HAV are encompassed by this invention, including HAV strains that 
can be attenuated by conventional techniques known in the art. Other 
suitable cell lines for HAV propagation include Vero, FL, WI-38 and 
FRhK6 cells. These and other systems for HAV propagation in cell 
cultures are discussed in Gerety, R.J. "Active Immimization Against 
Hepatitis A," in Gerety, RJ. (ed.) Hepatitis A Academic Press 1984, /jp. 
263-276; and Ticehurst, J.R., Seminars in Liver Disease 6, 46-55 (1986). 
In principle, any cell line such as any human diploid fibroblast cell line, 
can serve as a host cell for HAV provided that it is susceptible to HAV 
infection. The preferred cell line is MRC-5. It be understood by those of 
skill in the art that the scope of the present invention encompasses, in 
addition to the passage 18, PI 8 orp28, of strain CR326F of HAV, any 
other HAV variant or strain, whether attenuated or virulent as well as 
other vimses which can be cultured on anchorage dependent cells. 
Attenuated variants or strains may be isolated by serial passage in cells, 
animals, or by other methods. See, for example. Provost, P.J. et al, Proc. 
Soc. Exp. Biol. Med. 170, 8 (1982); Provost, PJ. et al, J. Med. Virol. 20, 
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165 (1986); U.S. Patent 4,164,566 and 5,021,348 for details on 
attenuation. The culture method of the present invention is readily and 
easily adaptable to attenuated or virulent HAV strains. 

In a preferred embodiment of this invention, MRC-5 cells 
are infected at a multipHcity of infection (MOT) of HAV sufficient to 
achieve efficient cell culture infection. An MOI of about 0.05-1 is 
acceptable. Stock seed is conveniently generated by using HAV from the 
supematant fraction of a stationary culture infected with HAV and 
incubated for about 28 days. The HAV is allowed to repUcate in the 
stationary culture to a peak of vims production. Other methods such as 
microcarrier culture or the COSTAR CUBE could be used for stock seed 
generation. The cell culture medium may be any medium which supports 
active growth of MRC-5 cells and HAV replication. 

The process of this invention is better understood with 
regard to the following steps or phases: 

Step 1: Microcarrier Preparation 

A suitable bioreactor for stirred suspension culture of 
mammalian cells is charged with dry, glass-coated microcarrier beads. 
The beads are suspended in WFl Quality Water and sterilized in situ. 
Following sterilization, the water is drained and a suitable sterile medium 
for culturing the cells of choice for the particular virus to be grow is 
added to the bioreactor. To ensure complete replacement of water and 
equilibration of the beads, the medium is preferably replaced up to three 
times. For HAV culture, we have found the use of Williams Media E 
(seram free) is acceptable at this stage. A target of about 20 grams/L to 
75 grams/L of microcarriers to media, and preferably about 40 grams/L to 
60 grams/L is desirable. 

Step 2 : Cell Inoculation 

Once the microcarriers have been equilibrated in the 
medium and temperature (30°-37°C) of choice, cells, preferably in late 
log phase, are seeded into the culture vessel. For small scale work, 
NUNC CELL FACTORIES (NCFs), which are small multilamellar cell 
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culture units within which cells may be grown in monolayer according to 
the manufacturer's directions, are convenient for this purpose. The 
inoculum cell concentration is 5-10 cells per microcarrier bead which 
corresponds to about 100,000 (lxl05) cells/mL at the bead loadings used. 
For a small microcanier culture of about 600 mL, about 6x1 0^ cells are 
required. From one confluent ten-layer NCF, approximately 5x10^ cells 
may be harvested using trypsin. These ratios are easily scaled upward for 
larger microcanier culture inocula by using additional NCF or, if 
necessary, a seed microcarrier culture. Once the cells have been trypsin 
harvested and neutrahzed with serum containing media, they are pelleted 
by low-speed centrifiigation and resuspended in medium containing about 
10% iron supplemented calf serum, or they are simply diluted with media 
containing about 10% iron supplemented calf serum. By using one part 
of cell inoculum to nine parts of microcarrier/serum free culture medium, 
a 1% iron supplemented calf serum final concentration is attained. This 
ratio may naturally be modified by modifying the concentration of serum 
added to the resuspended cell inoculum or by modifying the inoculum to 
bioreactor volume ratios. A 1 % serum concentration at pH 7.6-7.9 was 
found to provide uniform cell attachment. 

Once inoculated, the cells are allowed to attach to the 
microcarriers for about three hours (although longer or shorter times are 
acceptable and the precise amount of time provided for attachment is not 
critical) using a rate of agitation sufficient to achieve the critical off- 
bottom suspension, which is the minimal rate of agitation (revolutions per 
minute, rpm, of the impeller) necessary to achieve a condition in which 
no microcarriers spend any more than about 1 second at the bottom of the 
stirred bioreactor. This is achieved by inspection and appropriate 
modification of the impeller speed, and is a simple procedure with which 
those of skill in the art are aquainted. 

Step 3: Perfusion Culture Of Cells To I^te I .n^ Phasp 

Once the cells have been given sufficient time to attach to 
the microcarriers, the medium is supplemented with additional serum for 
cell growth. For MRC-5 cell culture for HAV production, addition of 
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sufficient iron supplemented calf serum to achieve a 10% serum 
concentration is preferred. Serum concentration may vary with other 
media formuations as those skilled in the art will appreciate. 

After about 24 hours from cell attachment and equilibration 
with any adjusted serum conditions, a perfusion inlet/outlet system is 
estabhshed whereby medium is removed and replenished at a rate of 
about 0.7 to about 2, and preferably about 1 .3, volumes of medium per 
day. Monitoring of glucose, lactate and ammonia provides a method for 
ensuring that nutrient depletion and pH fluctuations do not occur. Those 
of skill in the art are well aquainted with the techniques of monitoring 
these parameters and of methods for achieving their stability. For 
example, if the glucose supply is found to be limiting, the perfusion rate 
may be increased. If the pH is found to be too acidic due to lactate 
production and accumulation, addition of mild alkali or increase in the 
perfusion rate would control this undesirable trend. Sterile filtered air is 
provided in the headspace of the bioreactor, and at small scale, a surface 
impellor may be used to advantage to increase gas transfer by disrupting 
surface tension at the air-liquid interface. 

Once the perfusion has been established, the cells are 
allowed to grow to late exponential (log), or early stationary phase. 
Typically, with MRC-5 cells in WiUiams Media E supplemented with 
10% iron supplemented calf serum, this requires a period of about six 
days. While the length of time provided for cell growth is not critical, it 
is desirable that sufficient time be provided so that good cell growth and 
aggregation has been achieved. 

Step 4 : Infection 

Typically, a stock seed of infectious virus is convenientiy 
stored frozen. However developed, a stock of infectious virus is used to 
infect the cells at a multiplicity of infection (MOI) of about 0.05 to about 
1, and preferably about 0.1 . The perfusion is stopped during this 
infection period to allow attachment of virus to cells for about two hours. 
Once sufficient time has been provided to achieve efficient attachment of 
vims to cells, the perfusion is restarted. Samples may be taken from the 
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culture every week, and after a sufficient amount of time, depending on 
the vims, the complete bioreactor is harvested. For HAV grown on 
MRC-5 cells in the system we have described, peak HAV production is 
typically achieved by about 14-28 days after infection. 

Step 5 : Viral Harvest 

As a first step in viral harvest, the agitation is stopped and 
the virus infected cells attached to microcarriers are allowed to settle by 
gravity. At the manufacturing scale, methods to wash the aggregates, 
such as the use of a filtration device, are preferable. The culture 
supematant is removed. For HAV, the bulk of virus is found widiin the 
cells and must be liberated by cell lysis. This is achieved by breaking up 
the cellular aggregates in a harvest solution. Preferably, the harvest 
solution contains a component effective to render the cells permeable to 
HAV. Such components are known in the art. Preferably, a detergent 
such as Triton X-100, NP-40, or an equivalent is suppHed at the lowest 
effective concentration possible, to facilitate later removal. One 
detergent that has been found acceptable for this purpose is TRTTON- 
XlOO, which may be provided at a concentration of about 0.1 % in a 
suitable buffer such as 10 mM Tris-HCl, 0.1 mM MgCl2. 

An efficient method for breaking aggregates in our system 
comprises passing the microcarriers through the recycle loop into which 
is included a series of orifices of decreasing diameter. Diameters of 
1/16", then 3/64", then 1/32" are used and the contents of the bioreactor 
are recycled at about 500-1000 mL/minute, until all the aggregates (by 
microscopic inspection of samples) have been disrupted. Upon scle-up of 
this step, the fluid shear required to break up the aggregates is achieved 
by properly sizing the orifice diameters for the increased flow rate during 
the harvest to achieve the same linear velocity. As linear velocity = flow 
rate/area of the orifice, conditions for aggregate disruption may be 
achieved by obtaining linear velocities in the range 1010 cm/minute - 
2020 cm/minute, regardless of the scale. The lowest diameter (1/32", 
about 0.8 mm) is approximately five times the diameter of a single 
microcarrier (about 150 nm). At larger scales of production, a larger 



wo 95/24468 



PCT/US95/02516 



-21 - 

orifice is used to avoid fouling, but to compensate, the flow-rate is simply 
increased to provide linear velocities in the range described above. This 
is a sufficiently narrow diameter to achieve efficient aggregate break-up 
but also sufficiently large that fouling, particularly after passage through 
the larger orifices, is minimized. Other techniques, including but not 
limited to sonication, could also be used. The resulting slurry of 
microcarriers is allowed to settle and the cellular debris containing the 
virus is decanted and stored. The bioreactor is charged with additional 
detergent containing buffer and the contents of the bioreactor are recycled 
through the external loop and orifices again to retrieve trapped virus. 
Once again the slurry is allowed to settle and the supernatant is combined 
with the stored supernatant. At this stage, a hemacytometer count of 
nuclei foimd in the supematant provides a good estimate of the number of 
cells harvested. The supematant is filtered, preferably through a 5 jim 
filter to remove the nuclei and the supematant is then subjected to 
downstream processing as desired. A process amenable to HAV 
purification is provided below. 

Step 6: Purification Of HAV 

The HAV produced in culture according to the instant 
invention may be purified according to methods known in the art or it 
may be directly used as a vaccine if attenuated. It may also be 
inactivated according to methods known in the art, primary among which 
is formalin inactivation. For details on these steps known in the art, see 
for example, U.S. Patent 4,164,566; 5,021,348; EP 0 302 692; and USSN 
07/926,873, filed on 8/10/92. 

Step 7: Vaccine Inactivation and Formulation 
^ ^ Additional processing steps of conventional and well known 

character are or may be needed to prepare purified HAV capsids for 
vaccine use. For example, treatment with formalin, sterile filtration and 
adsorption to carriers or adjuvants are the typical basic steps for 
preparing a formalin-inactivated vaccuie. See, for example. Provost, PJ. 
et aU Proc. Soc. Exp. Biol. Med. 160, 213 (1979); Provost, P.J. et al., J. 
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Med Virol. 19, 23 (1986). HAV can be inactivated by heat, pH changes, 
irradiation, treatment with organic solvents such as formalin or 
paraformaldehyde. Typically, HAV inactivation is carried out at a 
1/4000 ratio of formalin. The inactivated HAV is then adsorbed or 
coprecipitated with aluminum hydroxide to provide adjuvant and carrier 
effects. Efficacy of an inactivated HAV vaccine has been shown [New 
England J. of Med. 327: 453-457, (1992)] 

For the purposes of comparison of the instant process with a 
monolayer cell culture-virus production process, MRC-5 cells were 
planted into 2 large-scale COSTAR CUBE bioreactors and 3 microcarrier 
cultures. The perfusion rate for the microcarrier culmres were 0.7 and 
1.5 bioreactor volumes/day which encompass the 1.3 bioreactor volumes 
per day used in the COSTAR CUBE. The microcarrier loading was 
chosen to obtain a similar cell density as the production COSTAR CUBE 
bioreactors so direct comparisons could be made between the two 
bioreactors. The microcarrier cultures were stable throughout the 
infection period and had similar metaboKc rates as the COSTAR CUBE 
bioreactor with regard to glucose and lactate. Microcarrier lysate and one 
hter of COSTAR CUBE lysate purified with similar efficiency and 
handling ease using a downstream process adapted to HAV purification. 
The Hepatitis A production was about half of the COSTAR CUBE 
process on a per cell basis indicating the need for optimization of the 
infection process in microcarrier culture. The volumetric productivity per 
hter bioreactor volume was also about half that of the the COSTAR 
CUBE; however with this method, there is potential to more than double 
the cell density, and thus volumetric productivity, through increased 
microcarrier loadings. The MRC-5 cell population was maintained in 
stable microcarrier aggregates with no loss of cells during the 21 day 
infection process. All other microcarrier types tested resulted in attrition 
of the MRC-5 population from the microcarriers after the growth phase 
and were thus imsuitable for vims production. We have achieved final 
cell density in the microcarrier cultures of 2.2-2.4x1 0^ cells/ml which is 
similar to the estimated 2.6x1 O^cell/ml density produced in the COSTAR 
CUBES. 
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The glucose consumption rate and lactate production rate in 
perfused microcarrier culture were quite similar to that which occured in 
perfused COSTAR CUBES. A stoichiometric conversion of glucose to 
lactate was seen in both systems. The ammonia production, a by-product 
of principally glutamine metabolism was about half in the microcarrier 
system where a 2 mM glutamine feed was used instead of 4 mM 
glutamme feed in the COSTAR CUBES, At 21 days post infection the 
microcarrier culture produced an average of 112 units per miUion cells 
and 258 units per Hter bioreactor volume. These yields are 40-50% and 
^ ° 38% of those achieved in COSTAR CUBES, respectively. The vims 
growth curve indicated over 50% of the vims was aheady produced by 
day 14 with a substantial decrease in virus growth rate over day 14 to day 
21 . It is not clear whether the decreased cellular yield is due to not all the 
cells participating in the infection, less productivity per infected cell, or 
leakage of virus into the media before harvest. The aggregates were 
stable through 2 saline washes and even upon addition of the 0.1% 
Triton. The aggregates were broken up by controlled fluid shear through 
a series of orifices which were installed in a recycle loop with the 
bioreactor. Nuclei were released (and thus easily quantified) and 
removed by filtration through a 5 ^m Durapore filter allowing the lysate 
to be processed according to an established purification process. SDS 
PAGE of solvent extracted material showed the 3 characteristic bands for 
Hepatitis A and a fourth band at 66,000 molecular weight which probably 
corresponds to serum derived BSA which was not completely removed 
during the harvest saline washes. 

One of the most significant aspects of this invention is that 
we have demonstrated that MRC-5 cells can be maintained on 
microcarriers in a stable state throughout the 3 week Hepatitis A infection 
for the production and quantitative purification of Hepatitis A. The 
stability of the system is attributed to the imique properties of the 
aggregates formed during the growth of MRC-5 cells on glass coated 
polystyrene microcarriers. 

The data presented here provides a comparison of a perfused 
microcarrier process and a monolayer cell culture manufacturing process 
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at similar cell densities and perfusion rates. Metabolic indicators such as 
glucose utilization, lactate accumulation, and the molar ratio of these 
rates show the similarity in MRC-5 metaboUsm between the two 
processes. The puriiScation of Hepatitis A from both process were 
remarkably similar indicating that no major changes in downstream 
process would be required if the virus were produced in microcarrier 
culture. 

The specific viras production per cell in low perfusion rate 
microcarrier cultures (0.7 vols/day) was only 1% lower than the higher 
perfusion rate (1 .5 vols/day) culture indicating that the perfusion rates 
used were not limiting to virus production. The specific vims production 
per cell in the microcarrier cultures was about half of that obtained for 
monolayer grown virus based on our best estimates of cell density. Since 
the perfusion rate data does not suggest a nutrient limitation, one can 
conclude that either all the cells did not participate in the infection or that 
the virus was produced but shed into the medium. In the first case, 
viability is believed to be high through the infection period based on a 
trypan blue measurements in the last run with batch refeeds (worst case) 
being 92% at 21 days post infection. Given the current specific vims 
productivity per cell for microcarrier culture, increases in overall 
productivity can be gained by increasing the cell density in the bioreactor 
through higher bead loadings. In conclusion, the aggregated microcarrier 
system has great potential as a scaleable process for the production of 
Hepatitis A and other viras vaccines. 

The following examples are provided to exemplify specific 
embodiments of this invention, but the examples should not be constmed 
as the only mode of executing this invention. 

EXAMPLE 1 

Hepatitis A Virus Stock Seed Manufacture 

A large-scale procedure for cell and virus seed production 
involves the planting of MRC-5 cell monolayers in 6000 cm2 NUNC 
CELL FACTORIES (NCFs). MRC-5 cells are grown in the NCFs to 
confluency. These cells may be harvested and used to plant onto 
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microcarriers. Alternatively, the confluent cells in the NCFs are infected 
with virus at an MOI of about 0.1 . Following infection the cells are 
incubated for about 28 days with weekly replacement of medium 
containing 10% vA' fetal calf serum. It has been found that high 
concentrations of serum, 2 to 10% vA^ allow greater virus production than 
low levels, 0.5 to 2% v/v. At the end of this cycle the supematant fluid 
contains large amounts of vims, in this example 107.3 TCID50 per 
milliliter, which is harvested directly from the NCF, without cell lysis, 
and used as the source of vims stock seed. In this manner, the large 
quantities of infectious vims necessary for manufacture are obtained by a 
method more reproducible and facile than roller bottles or flasks, or with 
mechanical harvest of the cells. 

EXAMPLE 2 

Hepatitis A Production In An Aggregated Microcarrier System 

This and the following examples illustrate the quantitive 
production of Hepatitis A in a small scale microcarrier culture and 
purification of the lysate through an established HAV purification 
scheme. By appropriate modifications, other viruses and cell-types may 
be produced. 

Microcarrier Spinner System (Step 1) 

The spinner system was designed to operate as a self 
contained unit on a cart where sampling, media changes, and infection 
were carried out through closed system processing using a SCD II sterile 
tubing welder device. The spinner vessels were custom fabricated from 
Bellco with a 565 ml working volume and a jacket for temperature 
control. The agitation system consisted of a Bellco paddle modified to a 
diameter of 6.6 cm. The diameter was chosen based on agitation studies 
involving the measurement of critical off bottom suspension stirring rates 
(COBSR) and calculating the hydrodynamic conditions based on that 
rate. A surface impeller, 4 cm long was positioned at the culture 
interface to provide increased oxygen transfer at higher cell densities and 
also assist in stripping CO2. The microccarrier free effluent was 
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removed with a 1/2 inch ID metal tube covered widi a 10 mesh 
positioned at the desired bioreactor volume using a 50% higher flow rate 
than the perfusion inlet flow rate. 

Microcflr rier Pmp aratinn 

Glass Coated Polystyrene Microcarriers from SOLOHILL 
Laboratories, Inc., were used for the study. The lowest microcarrier 
specific gravity available from SOLOHILL, 1.02, was chosen to 
mmimize energy input to suspend the MCs. The size range was 
150-210 ^m. A particle size analysis, conducted by SOLOHILL, 
determmed the surface area and the number of beads to be 514 cm2/g and 
6.6x10 beads per gram, respectively. The microcarrier loading for the 
experiment was selected at 35.4 g/liter. 

The MCs were placed in the siHconized 500 ml jacketed 
spmners, suspended in WH water and autoclaved for 30 minutes at 
122°C. The MCs were then washed 3 times with modified WiUiam's 
Media E, with 2 mM glutamine, without serum. 



EXAMPT.F.^ 

Cell Expansion/lnnr ulation of Spinnen;. rSfp.p ?) 

Fourteen NCFs were planted with MRC-5 cells Twelve 
NUNC CELL FACTORIES (NCFs) were havested and used to plant two 
COSTAR CUBE bioreactors. Hie remaining 2 NCFs were harvested and 
used as moculum for the microcarrier spinners. The cells were 
centrifuged for 10 minutes at 300xg and resuspended in 10% iron 
supplemented calf serum (FeCS), 90% modified Williams Media E with 
2 mM glutamine. No antibiotics were used in the exeriment. The cells 
are attached at about 8 cells/bead in 1% FeCS, pH 7.7, at 37°C. Within 3 
hours all the cells attach and the media is brought to 10% FeCS to begin 
the growth phase. 

According to a Poisson distribution, only 5 cells per bead 
should be required to insure that at least one cell is attached to each bead 
through random encounters between the cells and beads. We have found 
that under the attachment conditions specified above, 5 cells per bead 
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often results in some microcamers (MCs) without cells. These 
microcarriers remained as single MCs through the cultivation which 
further substantiated that the aggregation phenomena occurs through cell 
to cell contact and not cell to MC contact. In this example the cell per 
bead ratio was 8.2 and all MCs were observed to have at least one cell 
attached after 3 hours (cells are still rounded up and therefore visible on 
the opaque MCs). The difference in the minimal cell/bead ratio may be 
due to aggregation of some of the cells at the planting stage, resulting in a 
drop in the predicted cell-to-bead ratio. Routine experimentation, 
however, allows optimization of the attachment conditions for this 
system. 

Li this experiment, the cell density at plant was 1.56x10^ 
cells/ml which corresponds to 8600 cells/cm^ MC. By day 2 small 
aggregates of 2-5 MCs formed which grew to 10-30 MCs by day 5. 
Subsequently, some of the 10-30 MC aggregates combined to form -50 
MC aggregates. It is quite clear that cell growth occurs through the 
aggregation process. No single MCs were present in the culture and cell 
growth within the void space between the MCs was apparent. The cell 
growth profile, illustrated in Figure 1 indicates the culmres reached a cell 
density of 2-3 MM cells/ml on day 5. Nuclei counts on day 6 were lower 
since the larger aggregates became lodged in a constriction in the sample 
line. Since the particle concentration decreases about 50 fold due to 
aggregation, the culture changes from rather opaque with the single MCs 
to quite translucent. Thus, monitoring the progress of the culture on-line 
with a turbidity probe is possible. No floating cells due to cell sloughing 
were observed in effluent samples during the 28 day run. The nuclei 
counts from the bioreactor harvest at the end of the run also indicate that 
the culture remained stable throughout the infection period. We have 
found that the aggregates were very stable once formed, even under 
extremes in pH, presence of EDTA, and higher agitation rates. Since the 
aggregates readily breakup in the presence of trypsin, the aggregates are 
most likely stabilized by the creation of a extracellular matrix composed 
of coDagens secreted by the cells. 
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EXAMPLE4 

Perfusion. CStep 3) 

The cultures were initially grown in batch mode for 2 days 
using bottled media and UV irradiated serum. On day two, perfusion was 
initiated using bag media obtained from JRH with modified William's 
Media E combined with FeCS. The bag lot was comprised of 10 and 20 
Uter Stedim bags; both the Modified WilUams Media E and non 
irradiated FeCS serum lots were accepted by Merck for production use. 
Before and after the run the growth of MRC-5 cells in T-flasks was 
compared using the serum supplemented bag media and bottled media 
with irradiated serum added as a control. Glucose, lactate, and ammonia 
were identical, demonstrating 6 month stability for the FeCS/basal media 
mixture from the date the serum and media were combined. During the 
experiment, the medium was supplemented with bicarbonate to a final 
concentation of 3.7 g/liter to maintain the pH above 7.3. 

The target perfusion rates were 0.7 volumes per day (spinner 
1) and 1.5 volumes per day (spinners 2 & 3) based on a 565 ml bioreactor 
volume. However, the microcassette Watson Marlow Pumps we used did 
not precisely control the flowrate at a set RPM, particularly after the 
tubing was moved. The rates were periodically measured and the 
measured rates listed below were used in all calculations. The average 
perfusion rates during the infection were 0.76, 1.51, and 1.51 for the 3 
spinners respectively. Inline rotometers and wider bore tubing (lower 
RPMs) would assist in the efficiency of this system. Note also that the 
rates were corrected when perfusion was interrupted due to failure to 
change the bags in time, see Table I: 



30 



wo 95/24468 



PCT/US95/02516 



-29- 



TABLE I 





Measured Perfusion Rates: Bioreactor Volumes/Dav 1 


5 


Culture 


Spinner #1 


Spirmer #2 


Spinner #3 




Age Days 


Volumes/Day 


Volumes/Day 


Volumes/Day 1 




2 


0.5 


1.2 


1.2 II 




3 


0.5 


0.6 


0.6 




4 


0.5 


1.2 


1.2 


10 


5 


0.5 


1.2 


1.2 




6 


0.5 


1.2 


1 2 




7 


0.64 


1.84 


1 84 




8 


0.7 


2.1 


M 




9 


0.7 


2.1 




15 


10 


0.7 


1.67 


1.67 




11 


0.7 


1.6 


1.6 




12 


0.7 


1.27 


1.27 




13 


0.7 


1.3 


1.3 


20 


14 


0.7 


1.3 


1.3 


15 


0.8 


1.4 


1.4 




16 


0.8 


1.4 


1.4 




17 


0.8 


1.4 


1.4 




18 


0.8 


1.4 


1.4 


25 


19 


0.8 


1.4 


1.4 


20 


0.8 


1.4 


1.4 




21 


0.8 


1.4 


1.4 




22 


0.8 


1.4 


1.4 




23 


0.8 


1.4 


1.4 


30 


24 


0.8 


1.4 


1.4 




25 


0.9 


1.86 


1.86 




26 


0.8 


1.4 


1.4 




27 


0.8 


1.4 


1.4 




28 


0.8 


1.4 


1.4 




Perfusion Rate: 1.5 volumes/day = 565 ml/24hours - 23.5 ml/hr 
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The optimum pH for MRC-5 cells is reported in the 
literature to be pH 7.7, and a complete cessation of growth was shown to 
occur at pH 7.2 (Forestell, S. et aL, Biotechnol. Bioneg. 39:305-3 13, 
1992). The production COSTAR CUBES are controlled at a pH set pomt 
of 7.3 throughout the cultivation. Since there is no pH control in the 
spinner flasks, maintaining a pH above 7.3 relied on perfusion to remove 
the lactic acid and the surface impeller to increase the stripping of the 
C02 from the Hquid phase. The pH profile provided in Figure 2 
illustrates the drop in pH through the first 150 hours. At that time sodium 
bicarbonate was added to subsequent media bags to increase the 
concentration from 2.2 g/liter to 3.7 g/liter for added buffering capacity. 

One of the objectives of this experiment was to create a 
microcarrier culture with a similar density as that estimated for growth in 
a production scale, monolayer cell culture system. One such system 
utilizes COSTAR CUBE bioreactors. In what follows, we compare the 
metabolic profiles of glucose, lactate, and ammonia in a COSTAR CUBE 
based process and in our microcarrier process. The cell mass in non- 
infected production COSTAR CUBES was measured to be 1.6x10^ 
cells/ml on the day of infection and 3.0x10^ after 28 days. Since the 
glucose uptake rate continues to rise just after the infection time it is 
likely that much of the cell density increase (1 doubling) occurs then and 
this cell density is maintained in the COSTAR CUBE over the rest of the 
infection. The cell density in an infected COSTAR CUBE is expected to 
be between these two cell densities and is most likely over 2x10^ 
cells/ml. Based on these estimates, we conclude that the microcarrier 
cultures and the COSTAR CUBE bioreactor are in the same cell density 
range. The perfusion rates for the microcarrier cultures range from 0.7 to 
1.5 bioreactor volumes per day which encompasses a rate of 1.3 volumes 
per day used in a COSTAR CUBE based culmre process. At similar cell 
densities and perfusion rates one would expect the metaboHc profiles to 
be similar between the two processes if cell metaboHsm was similar as 
well. 

The cumulative amount of glucose utilized, lactate produced 
and ammonia produced over the course of an infection for both systems is 
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illustrated in Figures 3, 4 and 5, respectively. The cumulative amount 
was calculated by mass balance given the perfusion rate and 
concentration profile over time. In Figure 3 the cumulative glucose is 
given for the 3 microcarrier cultures, a representative COSTAR CUBE 
reactor, and the average cumulative glucose from 18 COSTAR CUBE 
production lots. The plot illustrates that the production COSTAR CUBE 
data is bracketed by the microcarrier data at the higher and lower 
perfusion rates as expected if metabolism was similar. The figure also 
illustrates that the representative COSTAR CUBE behaves similarly to 
the average COSTAR CUBE data with the exception of the shift at about 
450 hours which is likely due to a dismption of the perfusion operation. 
The cumulative lactate profile again shows a similar trend with the 
accumulation of lactate in the COSTAR CUBE process being between 
the microcarrier process at the higher and lower perfusion rates. The 
specific glucose rate (mMoles glucose consumed/liter/hr) which 
corresponds to the slope of the cumulative glucose versus time plot, 
increases with increasing perfusion rates through the first 400 hours of 
the run. This may be indicative of the difference in glucose concentration 
affecting the rate at which the glucose is metabolized. In Figures 6 and 7 
the difference in glucose and lactate concentration in the bioreactor 
between the 0.7 vol/day and 1.5 vol/day microcarrier cultures is apparent. 
Another reason for the difference may be small differences in cell density 
in the bioreactors. The ratio of the glucose and lactate rates illustrated in 
Figure 8 indicates a stoichiometric conversion of glucose to lactate 
through the glycolytic pathway for both processes. 

The cumulative production of ammonia illustrated in Figure 
5 shows a dramatic difference in glutamine metabohsm when a lower 
glutamine concentration is used. By error, in one COSTAR CUBE 
experiment, the concentration of glutamine was doubled due to the 
inadvertent addition of glutamine to glutamine containing media. Based 
on this data it is likely that glutamine is limiting in the 2 mM 
concentration cultures. Glutamine typically enters the tricarboxyllic acid 
cycle (TCA) through a-ketoglutarate with the loss of one amino group 
(and transamination of the second amino group). Assuming all the 
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glutamine fed to the bioreactor is converted 1:1 to ammonia, the 
ammonia accumulation rate would be 0.071 mM/liter/hr for 1.5 vols/day 
and 0.033 mM/liter/hr for 0.7 vols/day. These rates are close to the 
average rates seen for these cultures. It also can be seen that at the same 
feed concentration but at a higher perfusion rate, the utilization rate based 
on ammonia production increases. This effect was also seen with glucose 
metaboHsm and indicates a concentration dependent utilization rate 
which as been reported for other cell lines. 

EXAMPLE 5 

Infection. rStep 4) 

On day 7 the cultures were infected with HAV Stock Seed 
prepared, for example, as described above in Example 1, at a target MOI 
of 0.1 (i.e.: 1 virion per 10 cells in the bioreactor as quantified by nuclei 
counts). Subsequently, the stock seed titer was found to be 7.19 logs 
instead of 7.4 logs resulting in an actual MOI of 0.062. The temperature 
was lowered to 32°C about 5 hours before the infection. Perfusion mode 
was resumed 2 hours after infection. 

Culture pH was measured with a Coming-Ciba Blood Gas 
Analyzer. Care was exercised to insure the pH was not altered by 
stripping the CO2 during sampling. Glucose, lactic acid, and ammonia 
were analysed using a Kodak Biolyzer, Samples were diluted with WFI 
when required; in the case of ammonia, the concentration was corrected 
for the ammonia concentration in the WFI. Cell density was quantified 
by the method of Sanford et al, (J. Nat. Cancer Inst., 11:773-795, 1951) 
where nuclei are released and stained with 0.1 % (w/v) crystal violet and 
0.1 mM citric acid. Sampling of the culture for cell counts was 
terminated on day 6 since the aggregates were getting hung up in a 
constriction in the sample line. Media effluent sampling was performed 
daily. 

A virus growth curve from day 9 to day 21 post infection is 
provided in Figure 9. The Havag (HAV antigen by ELISA assay) 
units/ml bioreactor were obtained by correcting the titer for the dilution 
of the sample during the harvest procedure. The virus growth rate 
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appears to be substantially lower in the third week of the infection. 
Another possibihty is that the culture peaked earlier than 21 days and 
virus was being shed into the media by day 21. From NCF experiments 
we knew that the virus can be harvested from the cells at day 21 post 
infection and harvested from the media at day 28. The latter procedure is 
still used to generate stock seed in NCFs (see Example 1). 

A comparison of virus production between the COSTAR 
CUBE process and the microcarrier process is provide in Table Ha and 
nb: 

^° TABLE na 





Havag Yield per Liter Bioreactor Volume at 21 1 


)ays Post 








Perfused 


Perfused Microcarrier Cultures 




15 




Production Cube 
Bioreactor 
1.3 vols/day 














Spinner #1 


Spinner #2 


Spinner #3 








0.7 vols/day 


1.5 vols/day 


1.5 vols/day 


20 


Total Havag 

Units 

Produced 




1.34x10^ 


1.51x10^ 


1.52x10^ 




Bioreactor 


28 Hters 


565 ml 


565 ml 


565 ml 




Volume 










25 


Havag 

Units/ml 

Bioreactor 


695 


237 


268 


269 



30 
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TABLE m? 



Havag Yield per Cell at 21 Days Post Infection 




Perfused 
Production Cube 
Bioreactor 
1.3 vols/day 


Perfused Microcarrier Cultures 


Spinner #1 
0.7 vols/day 


Spinner #2 
1.5 vols/day 


Spinner #3 
1.5 vols/day 


Havag 

Units/ml 

Bioreactor 


695 


237 


268 


269 


Cells/ml 
Bioreactor 


Estimated * 
2.4-3.0x1 0^ 


2.21x10^ 


2.34x10^ 


2.36xl06 


Havag Units 
per 106 ceUs 


229-286 


107 


115 


114 



* Cell estimate based on a measured non-infected cell density of 2.5x 10^ 
ceUs/cm2 after 21 days in the COSTAR CUBE corresponding to 3 MM cells/ml 
and a lower estimate on 2.0x10^ cells/cm^. 



Two comparisons are made: A volumetric yield, (Havag per 
liter bioreactor) and a cellular specific yield, (Havag per cell). The 
Havag yield per liter bioreactor provdies a direct yield calculation of 

25 bioreactor productivity. Since the cell densities are similar between the 
various microcarrier reactors and similar to the estimated cell density in 
the COSTAR CUBE production bioractor, a direct comparison of 
productivity can be made using this yield. The production COSTAR 
CUBE reactor yield is the average total Havag harvested for several 

3 ° COSTAR CUBE cultivations divided by the 28 hter bioreactor volume. 
The productivity of the 3 microcarrier spinners were quite similar with 
the lower perfusion rate culture (Spinner #1) showing only a 12% 
decrease in yield. The yield from the microcarrier cultures was 38% of 
that obtained from the COSTAR CUBE process. Similar productivities 
could be obtained by increasing the bead loading to drive up the cell 
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density in the microcarrier culture to more than 2 times the cell density 
used here. 

The Havag units per cell data for the COSTAR CUBE was 
estimated based on the estimated cell density in the COSTAR CUBE as 
discussed earlier. The cell densities for the spinnere are a direct measure 
of the nuclei released during the harvest of each bioreactor at 21 days. 
Since there were slightly less cells measured in the low perfusion rate 
biorector, the per cell yield is only 7% lower than the other spinners 
(versus 12% on a volumetric basis). This indicates that the lower 
perfusion rate was only slightly limiting in vims production. The 
microcarrier cell yields are about 40-50% of the estimated yields per cell 
for the COSTAR CUBE which is in rough agreement with the volumetric 
yields since the cell densities are approximately similar in the bioreactors. 

EXAMPLE 6 

Harvest. rStep 5^ 

In the following analysis, we used two harvest procedures: a 
small 5 ml harvest at 9 and 14 days post infection and a full bioreactor 
harvest on day 21 post infection. 

For the small scale samples, the 5 ml aliquot of aggregated 
MCs was washed twice with PBS, and suspended in 0.1% triton lysis 
buffer. The aggregates were broken up by fluid shear with a pipetman 
and sampled to count nuclei. The nuclei were visualized by diluting a 
200 \il sample 1:1 with 0.1% crystal vioWO.l mM citric acid solution. 
The lysate was then centrlfiiged at 300xg to remove nuclei and ahquotted 
for EIA assay. 

For the bioreactor harvest, the media was removed by 
aspiration and the aggregates washed twice with a bioreactor volume of 
PBS. One bioreactor volume of 0.1% Triton lysis buffer was then added 
to the aggregates and recycled through a set of 1/16", 1/32", and 1/64" 
orifices in series at a flowrate of about 700 ml/min. After 15-30 minutes 
of recirculation, the MCs (and small 1-3 MC aggregates) were allowed to 
settle and the MC free lysate was removed. A second bioreactor volume 
of 0.1% Triton was added to the MCs, recycled through the orifices for 
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15-30 minutes and pooled with the 1st lysate. The pool was sampled to 
quantify nuclei (see above procedure), EIA, and HPSEC. The 
microcarriers were microscopically observed to verify removal of cell 
mass. 

The aggregates were quite stable during the 2 rinses with 
PBS stirred at over 3 fold the operating agitation rate (75 vs 25 RPM). 
From small scale harvests, we estabhshed that the aggregates would be 
difficult to break up even in the presence of triton lysis buffer. Therefore, 

^ ^ a series of orifices were used to simulate the fluid shear generated by a 
pipetman on the small scale. The recirculation time of about 15 minutes 
per wash at a flowrate of -700 ml/min seemed to be enough to get 
adequate breakage; visual observation of the lysate showed single MCs 
and nuclei. The recirculation time reported herein is probably not 

^ ^ optimal but optimal recirculation will easily be established by routine 
experimentation based on the instant disclosure. An advantage of the 
procedure is that it serves to release nuclei for quantification of the cell 
density at the time of harvest. The main difference between the lysate 
from monolayer culmre and the microcarrier lysate is the need to filter 
^ ^ out the microcarriers and nuclei before filtration of the smaller debris for 
passage through the 0.2 |im filters. 

EXAMPLE 7 

Purification. (Step 6) 
^ ^ Any of a number of known procedures for purification of the 

HAV produced according to the above described process may be utihzed 
to prepare purified HAV. Below, we provide one procedure which 
reproducibly provides HAV of superior purity. 

^° 1- Lysate Filtration/BENZONASE 

About SOO ml of lysate was filtered through a Durapore 5 
M-m filter to remove nuclei and MCs followed by a 0.2 ]im filter to 
remove smaller debris. The COSTAR CUBE lystate was filtered through 
only a 0.2 ^im filter, subsequently the COSTAR CUBE and microcarrier 
lysates were treated identically. The 0.1% triton buffer was 
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supplemented with 2 M MgCl2 to a final concentration of 2 mM. 
BENZONASE, a commercially available nuclease produced as a 
recombinant protein by Nycomed Pharnia A/S (Denmark), (58 ^l/liter 
^ lysate) was added to each lysate and incubated overnight at room 
temperature with agitation. 

2. Capture Column 

About 800 ml of BENZONASE treated lysate was filtered 
^ ^ through a 0.2 ^im filter and loaded by gravity (2 meter height differential) 
onto a 2.6 cm diameter capture column containing 54 ml of Toyopearl 
650 M resin. The column was washed with 0.03 M NaCl for 20 column 
volumes and the product was eluted by gravity at ~6 ml/min using a step 
change to 0.35 M NaCl. 

1- PEG Precip itation and Solvent Rxtrar.rinn 

After storage at 4°C overnight, the eluted capture column 
product (-30 ml) was incubated with 4.5% PEG and 0.42 M salt solution 
at 4-8'*C to precipitate the Hep A and centrifuged at lOOOxg. The pellet 
^ ^ was resuspended in phosphate saline buffer with EDTA, (PNE), 
combined with 2 parts chloroform:isoamyl alcohol 24:1 mixture, 
manually shaken for 3 minutes, and centrifuged at 3000xg. The aqueous 
phase (~7 ml) was removed and the solvent was reextracted with 3.45 ml 
PNE buffer. The pools were combined as the solvent extracted product. 

4. EIA. HPSHC and SDS PAGE Analvds 

EIA analysis and HPSEC assay (Rainin HPLC system with 
TSK-Gel G4000 pw size exclusion column) were run on samples from 
each step in the purification process. The filtered lysate and nuclease 
^ ^ treated lysate were run at 260 nm while others wei^ run at 214 nm. The 
SDS PAGE analysis of the solvent extracted product was run on a 12% 
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Purification EIA Step Yields 1 


5 


Step 


FuU Scale 


Cube #8 


Microcarrier Lysates 








Process 


Lysate 
















#1 


#2 


#3 




Filtered 


88 


99 


84 


78 


80 




Lysate 












10 


Nuclease 
Treatment 


100 


89 


100 


88 


91 




Capture 


62 


60 


55 


73 


72 




Column 












15 


PEG 


108 


82 


88 


84 


88 




Solvent 


54 


46* 


64 


72 


77 




Extraction 














Overall 












20 


Thru 












Extraction 


32 


20 


26 


30 


35 




* EIA data for this yield were derived from 1 month old samples || 
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TABLE4 



Purification: Relative Hepatitis A Area % by HPSEC 


i Input Source 


PEG Precipitate 
214nm, Area % 


AQX Product, 
214nm, Area % 


AQX Product, 
BSA Peak 
Corrected 
214nm, Area % 


Cube #8 Lvsate 


35% 


90% 


98% 


Microcarrier #1 


33% 


55% 


93% 


Microcanier #2 


41% 


71% 


98% 


Microcarrier #3 


44% 


73% 


97% 


Production Average 
Lots 18-26 


27.9% SD 3.5% 


68.3% SD 6.9% 





The objective of the purification work was to determine the 
difference between microcarrier derived lysate and lysate obtained from 
monolayer cell culture for subsequent purification. One liter of lysate 
from a COSTAR CUBE and approximately 800 ml of microcarrier lysate 
were purified side by side for comparitive pmposes. The purification was 
carried through solvent extraction since a significant amount of 
purification is achieved by this point and should provide a good 
comparison of purification performance. Also, at this scale the amoimt of 
material to carry through the rest of the process was limited. As 
illustrated in Table 3, the EIA yields for the small scale process were in 
reasonable agreement with the full scale process. In addition, the 
microcarrier derived lysates yields were in excellent agreement with the 
production lysate control. A SDS PAGE silver stain run on the solvent 
extracted product, provided in Figure 10, clearly indicates the 3 Hepatitis 
A bands for the small scale COSTAR CUBE lysate and the 3 micro- 
carrier cultures. Another band does appear in the microcarrier lanes at 
about 66,000 molecular weight. This cooresponds to BSA (66,200 MW) 
and is most likely derived from insufficient PBS washes during the 
harvest stage to remove serum proteins before the addition on the Triton 
Lysis Buffer. The COSTAR CUBE lysate had about twice the normal 
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amount of Hep A by EIA normally seen in production, most likely due to 
inadequate mixing before sampling. The higher HAV content in the 
COSTAR CUBE lysate was carried through the process so that the 
difference in band density is due in part to this and in part to the -50% 
yield from the MC cultures. 

HPSEC profiles for the filtered lysate, nuclease treated 
lysate, capture product, PEG precipitate, and the solvent extraction are 
provided in Figures 1 1-15. Note that the profiles are very similar 
between the microcarrier and COSTAR CUBE lysate indicating similar 
purification performance for each input. In flie solvent extracted profile 
the extra peak between the HAV and the solvent peak is believed to be 
the BSA band from the SDS PAGE gel. The relative % HAV areas for 
the PEG precipitate and solvent extracted product (AQX) are provided in 
Table 4. Note that the percent is calculated the same way as in 
production which accounts for all peaks before the solvent peak. 
Comparing the COSTAR CUBE #8 lysate to the microcarrier lysates 
shows relative agreement for the PEG product and a lower area % for the 
solvent extracted product. The extra peak in the microcarrier culmres is 
expected to be BSA. To account for this the Hep A area % were then 
recalculated by subtracting out the suspected BSA peak for comparison 
purposes. The relative area % for the microcarrier and COSTAR CUBE 
#8 lysates are in excellent agreement and show a surprisingly pure 
product at this point. Comparing the relative areas for COSTAR CUBE 
#8 lysate and the production COSTAR CUBE average shows slightly 
lower full scale yield for the PEG step and a much larger decrease for the 
solvent extraction step. This suggests a difference in the full scale and 
small scale purifications. 

EXAMPLE 8 

Propagation of Varicella Virus in Aggregated Microcarrier Svste.Tn 

The following describes the infection of MRC-5 cells grown 
as an aggreagate culture with the Oka strain of Varicella virus. Solohill 
glass coated microcarriers at 40 g/liter, 60 g/liter and 80 g/liter were 
prepared in a microcarrier spinner system as outlined in Example 2 and 
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inoculated with MRC-5 cells expansded in NUNC CELL FACTORIES 
in a similar manner as outlined in Example 3. The cells were perfused at 
target rates of 1, 1.5, and 2 volumes per day with the increasing rate 
^ corresponding to the higher bead loading. The perfusion operation was 
similar to Example 4. Cells were grown for 4 to 5 days, at which time 
they were infected with working seed at approximately an infection ratio 
of 1 harvested working seed cell to 15 target cells in the microcarrier 
culture. The cell density at the time of infection varied from 2 to 4 
^ ^ miUion cells/ml. The working seed was prepared by infecting a ten layer 
NUNC CELL FACTORY with stockseed at an MOI of 1:125 and 
harvested with trypsin after 48 hours of infection. A sample of infected 
microcarrier culture was harvested at 6 hour time points starting at 30 
hours by decanting off the media vdth four washes of phospate buffered 
saline followed by resuspension in a stabilizer formulation. The 
aggregates were broken up by fluid shear using a syringe needle. At 
approximately 48 hours post infection the entire volume of each of the 
three spinners was harvested using the fluid shear methodlolgy described 
in Example 6. The aggregates were more difficult to break up without 
the presence of detergent as described in Example 6. Therefore, more 
fluid shear by increasing the linear velocity through the orifices is 
required. 

EXAMPLE 9 

Propagation of Mumps Vims in Aggreaeated Microcarrier Culture 

Either primary or cryopreserved Chick Embryo Fibroblast 
cells passaged multiple times in monolayer cultures, twice in this 
example, were added at about 5-10 cells per bead to microcarriers of 
different materials - glass coated plastic in this example - (diameter 150- 
212 |Lim, specific gravity 1.02) at 40 g/L in a 250 mL glass spiimer vessel. 
A modified medium 199 or DMEM, with 10% FBS was used to grow the 
cells to a final density as high as 4x10^ cells/mL with daily medium 
refeeds. The growth in this system was characterized by aggregation of 



25 



30 
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microcarriers to progressively increasing size (2-50) as cell density 
increased. Infection and replication of mumps vims for the manufacture 
of the vaccine was demonstrated in this system by addition of Mumps 
virus seed (Jeryl Lynn Strain) to this microcarrier culture. 



30 
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WHAT IS CLAIMED IS: 

I . A method for producing large quantities of virus in an 
aggregated microcarrier-cell culture which comprises retaining a cell 
population in an aggregated and attached state, without sloughing of cells 
from the microcarriers, throughout even an extended infection phase for 
the production of commercial quantities of a viral vaccine antigen which 
comprises the steps of: 

a) preparing glass-coated microcarriers by hydrating, sterilizing 
and equilibrating said glass-coated microcarriers in a culture 
medium in a bioreactor suitable for culturing cells 
susceptible to infection by the virus which is to be used as 
the vaccine antigen; 

b) planting cells in a suitable culture medium at a planting 
concentration sufficient to achieve uniform attachment of the 
cells to the microcarriers such that essentially every 
microcarrier has at least one cell attached, using a rate of 
agitation equal to the critical off-bottom suspension rate 
(COBSR) and a pH and temperamre to allow stmctured 
aggregate formation; 

c) growing the planted and attached cells to late log or early 
stationary phase with pH control and with medium 
replenishment sufficient to provide adequate cell nutrition 
and control of aggregate size and an agitation rate 
sufficiently slow to allow efficient microcarrier-cell 
aggregate formation, but sufficiently rapid to maintain all 
microcarriers in suspension (that is, the COBSR); 

d) infecting the microcarrier-cell aggregate in late log or early 
stationary phase with vims, and growing the vims for a 
sufficient period of time to achieve maximal vims yield 
upon harvest; 

e) harvesting and recovering the vims from the aggregated 
microcarrier cell culture. 
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2. The method of Claim 1 , Step (b), wherein cells are 
planted at about 5 to 10 cells per microcarrier. 

3. The method of Claim 1, Step (a), wherein the 
microcarriers are SOLOHILL glass microcarriers. 

4. The method of Claim 1, Step (b), wherein the cells 
are human diploid lung fibroblasts, Vero cells, or Chick Embryo 
Fibroblast. 



5. The method of Claim 4 wherein the cells are MRC-5 
cells orWI38 cells. 

15 

6. The method of Claim 1 , Step (d), wherein the vims is 
Hepatitis A vims, varicella, measles, mumps, mbella, poho vims, herpes 
vims, or a rotavims. 

20 7. The method of Claim 6 wherein the the vims is 

Hepatitis A virus. 

8. The method of Claim 6 wherein the cells are MRC-5 
cells and the vims is Hepatitis A virus. 

25 

9. The method of Claim 1 wherein the harvesting of Step 
(e) comprises forcing the aggregated microcarrier cell culture through a 
series of orifices of decreasing diameter such that the smallest orifice is 
approximately only twice the size of a single microcarrier. 

30 

10. The method of Claim 1 wherein the harvesting of 
Step (e) comprises forcing aggregated microcarrier cell culture through a 
series of orifices of decreasing diameter so as to achieve a linear velocity 
of about 1010 m/minute to about 2020 m/minute. 
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1 1 . The method of Claim 1 wherein washing of the 
aggregated infected cells attached to the microcarriers with a phosphated 
buffered saline solution does not result in detachment or breakup of 
aggregates from the microcarriers. 

12. A mediod for producing large quantities of virus in an 
aggregated microcarrier-cell culture which comprises retaining a cell 
population in an aggregated and attached state, without sloughing of cells 
from the microcarriers, throughout even an extended infection phase for 
the production of commercial quantities of a viral vaccine antigen which 
comprises the steps of: 



a) preparing SOLOHILL glass-coated microcarriers by 
hydrating, sterilizing and equilibrating said glass-coated 
microcarriers in a culture medium in a bioreactor suitable for 
culturing cells susceptible to infection by Hepatitis A virus 
which is to be used as the vaccine antigen; 

b) planting MRC-5 cells in a suitable culture medium at a 
planting concentration of about 5 to 10 cells per microcarrier 
to achieve uniform attachment of the cells to the micro- 
carriers such that essentially every microcarrier has at least 
one cell attached, using a rate of agitation equal to the 
critical off-bottom suspension rate (COBSR) and a pH and 
temperature to allow structured aggregate formation; 

c) growing the planted and attached cells to late log or early 
stationary phase with pH control and with medium 
replenishment at a rate of about 0.7 to about 2 volumes per 
day to provide adequate cell nutrition and control of 
aggregate size and an agitation rate sufficiently slow to 
allow efficient microcarrier-cell aggregate formation, but 
sufficiently rapid to maintain all microcarriers in suspension 
(that is, the COBSR); 

d) infecting the microcarrier-cell aggregate in late log or early 
stationary phase with Hepatitis A vims, and growing the 



wo 95/24468 



PCT/US95/02516 



-46- 

vims for a sufficient period of time to achieve maximal virus 
yield upon harvest; 
e) harvesting the vims from the aggregated microcarrier cell 
culture by removing culture medium and replacing it with a 
harvest buffer contaming about 0.1 % TRITON X-100, 
forcing the aggregated microcarrier cell culture through a 
series of orifices of decreasing diameter such that the 
smallest orifice is approximately only about five times the 
size of a single microcarrier, or sufficient to achieve a linear 
velocity of between about 1010 m/minute and about 2020 
m/minute, and recovering the liberated Hepatitis A vims. 

13. The use of SOLOHELL glass microcarriers in the 
cultivation of Hepatitis A vims, varicella vims, measles, mumps, mbella, 
poliovims, herpes vims or rotavims. 



14. The use of SOLOHILL glass microcairiers in the 
cultivation of Hepatitis A vims. 

15. An aggregated microcarrier cell culmre wherein the 
aggregates possess approximately 50-60% void space. 
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Lane 5: SEC Purified Hep A with BSA Added 

Lane 6: Cube #8 Lysate 

Lane 7: Microcarrier Spinner #1 , 0.7 Vols/day 

Lane 8: Microcarrier Spinner #3, 1.5 Vols/day 

Lane 9: Microcarrier Spinner #2, 1 .5 Vols/day 




FIG. 10 
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